As a recent group mainly defined by molecular data the genus Lactifluus is in need of further study to provide insight into the morphological and molecular variation within the genus, species limits and relationships. Phylogenetic analyses of nuc rDNA ITS1-5.8S-ITS2 (ITS), D1 and D2 domains of nuc 28S rDNA (28S), and part of the second largest subunit of the RNA polymerase II (rpb2) (6-7 region) sequences of 28 samples from southern China Subtropical-tropical Asia is likely a key region for additional sampling.
INTRODUCTION
Traditional classification of Russulaceae assigned all agarics lacking milk to Russula Pers. and the milky ones to Lactarius Pers., although several names were proposed to divide milkcaps into different genera (Redeuilh et al. 2001 ). Recent molecular data have shown that Lactarius sensu lato is not monophyletic and species of the genus are spread in three separate lineages (Buyck et al. 2008) . A new genus Multifurca Buyck & Hofstetter accordingly was described to accommodate a few atypical species previously treated in Lactarius and Russula (Buyck et al. 2008) . The conservation of the name Lactarius with a conserved type, L. torminosus (Schaeff. : Fr.) Pers., made it possible to leave most of the previously described species in Lactarius (Buyck et al. 2010 , Barrie 2011 , Norvell 2011 , McNeill et al. 2012 and to re-apply the name Lactifluus (Pers.) Roussel for the remainder of the milkcaps, typified by Lactarius volemus (Fr. : Fr.) Fr. (Buyck et al. 2010 ).
Lactifluus morphology is highly diverse. It includes species with veiled and unveiled, agaricoid and pleurotoid, lactarioid and russuloid sporophore forms. Macromorphologically it is not always clearly delimited from Lactarius and Russula. For example, L. subg. Gerardii (A.H. Sm.) Stubbe and L. subg. Russulopsis (Verbeken) Verbeken are strongly similar to Lactarius and Russula respectively (Verbeken 2001 , Verbeken et al. 2011 .
Microscopically the genus has more types of pileipellis and stipitipellis than Lactarius and Multifurca, varying from cutis to palisade, over trichoderm or trichopalisade, with or without ixo layers, with or without thick-walled elements, with or without dermatocystidia and including some deviating types. The morphological richness is still growing with new representatives discovered from the tropics (van de Putte et al. 2009 , Miller et al. 2012 , Morozova et al. 2013 ). Buyck et al. (2008) presented a three-locus phylogeny of Lactifluus (as "Lactarius 1").
It contained 15 species, belonging to the four subgenera proposed by Verbeken et al. (2011 . Before and after Buyck et al. (2008) additional taxa from Africa, America and Asia were documented with molecular data, either using a single locus or a multigene approach (Henkel et al. 2000; Buyck et al. 2007; Stubbe et al. 2010; van de Putte et al. 2010 Morozova et al. 2013; de Crop et al. 2014a; Maba et al. 2014 Maba et al. , 2015 . These taxa represented all six currently described subgenera (Verbeken et al. 2011 ). The Lactifluus phylogeny, however, is far from complete. The circumscription of several sections, for example L. sect. Allardii (Hesler & A.H. Sm.) de Crop, L. sect.
Aurantiifolii (Verbeken) Verbeken, L. sect. Phlebonemi (R. Heim ex Verbeken) Verbeken and L. sect. Polysphaerophori (Singer) Verbeken has not been tested using molecular data.
Several morphology-based subgeneric taxa have been suggested to be paraphyletic using molecular phylogenetics (Buyck et al. 2008 , van de Putte et al. 2010 ), but further sampling of species and genes are needed to confirm this. Molecular data are needed to clarify the relationships of species with still uncertain or isolated systematic positions (Wang and Verbeken 2006 , Miller et al. 2012 (Singer 1975 (Singer , 1984 Singer et al. 1983 ). An up-to-date classification is being prepared by de Crop et al. (De Crop et al. 2014b; , pers comm) .
Compared with Lactarius, Lactifluus it is more abundant and widely distributed in the tropics. In terms of endemism of infrageneric taxa and number of species described, tropical Africa has the highest diversity of Lactifluus (Verbeken and Walleyn 2011; Verbeken et al. 2011 . Recent sampling in subtropical-tropical Asia (mainly focused on L. sect.
Lactifluus, L. subg. Gerardii and L. subg. Piperati Verbeken) has demonstrated high diversity in this still largely unexplored continent van de Putte et al. 2010 Morozova et al. 2013; de Crop et al. 2014a ). The current study revisiting Asia with sampling in southern China added three new distinct lineages to Lactifluus. One of them concerns a species originally described from this region, L. tenuicystidiatus, whose exact placement within Lactifluus was left as an open question when it was described (Wang and Verbeken 2006) . In addition, this study provided more data to document the morphological and genetic diversity within Lactifluus.
MATERIALS AND METHODS
Sampling.-Six samples of L. ambicystidiatus X.H. Wang, 23 of the L. tenuicystidiatus species complex and one of L. aff. leoninus (Verbeken & E. Horak) Verbeken, were used for morphological and (or) molecular study.
These samples were collected from six provinces in southwestern and southern China. Three loci, nuc rDNA ITS1-5.8S-ITS2 (ITS), D1 and D2 domains of nuc 28S rDNA (28S), and part of the second largest subunit of the RNA polymerase II (rpb2) (6-7 region) were amplified and sequenced for 28 of them. ITS was amplified and sequenced for the holotype of L. tenuicystidiatus. To provide more data to the Lactifluus phylogeny, ITS, 28S and rpb2 of two Asian samples of L. aff. luteolus also were sequenced (representing molecularly unsampled L.
sect. Phlebonemi). Published sequences of 31 taxa from Buyck et al. (2007 Buyck et al. ( , 2008 , Stubbe et al. (2010) , Tedersoo et al. (2012) , van de Putte et al. (2010 , and Morozova et al. (2013) were in addition to those retrieved from GenBank (TABLE I) . These sequences were chosen to cover the representatives of Lactifluus with at least two of the three loci used in this study. They involved five of the six subgenera and eight of the 15 sections recognized in Lactifluus. Among the 31 taxa with sequences retrieved from GenBank, six lack sequences from one of the three loci: Lactifluus aff. leoninus and L. rugatus (Kühner & Romagn.) Verbeken lack ITS sequences, L. emergens lacks 28S sequence and L. chrysocarpus, L. igniculus and L. leoninus lack rpb2 sequences.
Morphological study.-Macro-and microscopical descriptions are based on fresh and dried materials respectively. Spores were observed in Melzer's reagent and measured in side view, excluding ornamentation and apiculus. Statistic of spore measurements follows Yang (2000) . All other microscopical structures were observed on slides made with 5% KOH and mounted with Congo red (aqueous reagent). All drawings, except those of the spores, were made with a drawing tube installed on a Nikon E400 microscope. Drawings of spores were made by hand. Terminology in descriptions of pileipellis follows Verbeken (1998a) . Color codes are from Kornerup and Wanscher (1961) .
DNA extraction, PCR amplifications and sequencing.⎯Total genomic DNA was extracted from dried pieces of pileus with lamellae with a CTAB protocol (Doyle and Doyle 1987) . The primers ITS1-F or ITS1, and ITS4, LR0R and LR5, and bRPB2-6f and fRPB2-7cR were used to amply the ITS region, part of the 28S, and the region between conserved domains 6 and 7 of rpb2 respectively (White et al. 1990; Liu et al. 1999 ; R. Vilgalys lab, http://www.biology.duke.edu/fungi/mycolab/primers.htm). PCR amplification was performed with Takara® or Takara Ex® DNA polymerase (Dalian, China) using the following protocol (25 μL reaction mixture): 2.5 μL buffer, 2.5 μL 0.1% BSA, 0.5 μL 10 mM dNTPs, 0.5 μL 10 μM of forward and reverse primers, 0.25 μL 5U/μL Taq polymerase, 0.1-1 μL total DNA solution and 18 μL ddH 2 O. For amplification of rpb2, 0.25-0.5 μL 25 mM MgCl 2 was added when PCR products were not sufficient. The following PCR programs were used: 5 min at 94.0 C, 35 cycles of 1 min at 94.0 C, 1.5 min at 48.0 C, or 50 C, or 53.0 C, and 2 min at 72.0 C, and a final extension of 72.0 C for 10 min. In a few cases, when amplification products were either faint or direct sequencing failed, PCR products were cloned with the Takara® pMD TM 18T cloning kit (Dalian, China) following the manufacturer's instructions. Colonies were screened for the presence of the desired products with (Castresana 2000) with the following settings: minimum number of sequences of a conserved position (35), minimum number of sequences of a flank position (58), maximum number of contiguous non-conserved positions (eight), minimum length of a block (six) and allowed gap positions (one-half). Maximum likelihood (ML) analyses were conducted to compare the difference of the two datasets. To ensure that homology in the ITS alignment was being properly defined, topology and ML bootstrap proportions (ML-BP) produced by the ITS datasets were compared with those of the 28S-rpb2 dataset, which has much fewer ambiguous aligned sections in the matrix, tree provided ( SUPPLEMENTARY FIG. 1 ). The only rpb2 intron (76 bp long), which was hard to align, was excluded entirely in the phylogenetic analyses.
Before combined analyses congruence among the ITS, 28S and rpb2 datasets were determined by visually comparing the ML-BP resulting from analyses of the three individual alignments for the same set of taxa. A conflict was assumed to be significant when two different relationships (one monophyletic and the other non-monophyletic) for the same set of taxa were both supported with ML-BP ≥ 70%. In the ML analyses of the three individual gene regions, the data were not partitioned.
To first determine the generic position of the target taxa within Russulales, ML analysis of a 28S-rpb2 combined dataset was conducted with the nine representatives of the russuloid clade (= Russulales of Miller et al. 2006 ) (Lutzoni et al. 2004 ) as outgroups ( SUPPLEMENTARY FIG. 1 ). After the phylogenetic position of the target taxa in Lactifluus was confirmed, ML and Bayesian Inference (BI) analyses were performed to construct the phylogeny of Lactifluus, using three representatives of Lactarius sensu novo, three of Multifurca and five of Russula as outgroups. ML analyses were conducted in RAxML 7.2.6 (Stamatakis 2006) and BI in MrBayes 3.2.1 (Ronquist et al. 2012) . Two partitioning strategies were used to analyze the combined dataset in both ML and BI analyses: (i) ITS, 28S, rpb2; and (ii) ITS1-ITS2, 5.8S, 28S, rpb2 first and second codon positions, and rpb2 third codon position. ML analyses applied the rapid bootstrapping algorithm with 1000 replicates, followed by a ML tree search. For BI analyses, the best-fit model of nucleotide substitution was selected by the hierarchical likelihood ratio tests in MrModeltest 2.3 using PAUP* 4.0 beta 10 (Swofford 2002 , Nylander 2004 . The BI analyses were conducted using four runs with four chains each for 1 × 10 7 generations sampling every 100th tree.
Runs were terminated when the average standard deviation of split frequencies went below 0.01and ESS (effective sampling size) values were > 200. A majority rule consensus tree was built after discarding trees from a 25% burn-in. Trees generated by the two analyses were viewed and exported in FigTree 1.3.1.
To recognize species within L. sect. Tenuicystidiati, genealogical concordance phylogenetic species recognition (GCPSR) (Taylor et al. 2000 , Dettman et al. 2003 was followed. Independent evolutionary lineages were determined by comparing the groupings of individuals from each of the three locus genealogies. A clade was taken as an independent lineage if its monophyly was highly supported by both ML-BP (≥ 70%) and posterior probability of BI analysis (BI-PP) (≥ 0.95 %) in at least one locus genealogy and was not contradicted in any other genealogy. When deciding which independent lineage represented phylogenetic species, exhaustive classification was followed. That is to say a lineage would be treated as a phylogenetic species if it did not leave any adjacent individual(s) unclassified. Otherwise the node would be traced down from that individual until all individuals were included in an evolutionary lineage (Dettman et al. 2003) .
RESULTS
Phylogeny and species recognition. chrysocarpus formed a long branch. Its phylogenetic position needs additional study.
By using a genealogical approach for phylogenetic species recognition (PSR) (Taylor et al. 2000 , Dettman et al. 2003 , five phylogenetic species were recognized within L. sect.
Tenuicystidiati (FIG. 1) . All species were supported by ML-BP = 100% and BI-PP = 1.00, except for L. tenuicystidiatus, supported by ML-BP = 72% and BI-PP = 0.94. Macroscopic studies showed three morphological types, which correspond to three reciprocal monophyletic clades: morphotype 1 (FIG. 2f) terminal of lactifers often embedded in hairs of suprapellis. Stipitipellis a lamprotrichoderm; hairs in suprapellis up to 100 µm long, base 5-6 µm thick, awl-shaped, thick-walled (1-1.5 µm); subpellis compact; thick-walled hyphae often originating deeply from the trama of stipe.
Lactifers poorly developed, 5-7 µm thick, not branching, not forming pseudocystidia toward hymenium, often forming terminals in trama or near the surface of pileipellis and stipitipellis.
Trama of pileus and stipe with typical rosettes. 
3-VII-2012, X.H. Wang 3405 (KUN F75811).
Notes: Lactifluus leoninus originally was described from Papua New Guinea (Verbeken and Horak 1999) . The species was characterized by furcate-sulcate pileus, latex changing to ochraceous, wart-like spore ornamentation, and absence of thick-walled hyphae in the pileipellis. Although the Chinese sample studied here shares the general characters of L.
leoninus, the slightly thick-walled hyphae in the uppermost layer of the pileipellis, the unchanging latex and the non-sulcate pileus suggest it might be a different species. 
T. Zhu 477 (KUN F75765).
Notes: This is one of the two phylogenetic species under morphotype 1 in L. sect.
Tenuicystidiati (FIG. 1) . The other phylogenetic species under morphotype 1 (as "Lactifluus sp.") cannot be separated morphologically from this new species in the field, but microscopically the three collections, XHW3449, 3450 and 3451, lack macrocystidia. It is interesting to note that the singleton of XHW3512, which shows clear genetic diversification from the three collections above, has macrocystidia. However, if we follow the exhaustive classification in GSPSR (Dettman et al. 2003) , the singleton of XHW3512 cannot be recognized as a separate species. Lacking sufficient samples, we tentatively leave the other phylogenetic species unnamed.
Compared with L. tenuicystidiatus (or the collections of morphotype 2), this new species has more crowded lamellae, less stout basidiocarps and less common macrocystidia.
The morphological differences between the two species, however, are not always clear. The 
2006.
Notes: The type species of this section was tentatively put in L. sect.
Pseudogymnocarpi by Wang and Verbeken (2006) shape and ornamentation of spores and general appearance of basidiocarps (Verbeken et al. 2001 ). New representatives discovered from the tropics in recent years present new combinations of these individual characters (van de Putte et al. 2009; Miller et al. 2012; Wang et al. 2006 Morozova et al. 2013) . In this particular study species in L. sect.
Tenuicystidiati share phenotypic features with species of L. sect. Lactifluus, such as the browning latex, fish-like odor and lamprotrichopalisade as the pileipellis structure. With species of L. sect. Rugati they share the smaller lowly ornamented ellipsoid spores and pileipellis structure; and with L. ochrogalactus they share the slender macrocystidia and pileipellis structure. More intriging, L. ambicystidiatus, one of the new species described here, possesses basidiocarps with two types of true cystidia, macrocystidia and lamprocystidia. This is exceptional in Lactifluus and even in the family Russulaceae. It appears that at least in tropical Asia our present knowledge of the morphlogical diversity of Lactifluus is still poor.
Although some Lactifluus species are highly similar to Russula, the presence of pseudocystidia (i.e. the terminal parts of lactiferous hyphae that are ascending in the hymenium) combined with a well-developed lactiferous network, have been thought to distinguish Lactarius and Lactifluus from Russula (Buyck 1999) . Buyck et al. (2007) and Verbeken (2001) found that some species of Lactifluus lack latex but a lactiferous system was still well developed and pseudocystidia present. failed to find pseudocystidia in L. parvigerardii, but the lactiferous system was still well developed.
Lactifluus ambicystidiatus, however, entirely lacks both a ramified lactiferous system in every tissue of the basidiocarps and pseudocystidia in the hymenium. The lactiferous system in (Buyck et al. 2007 (Buyck et al. , 2008 Stubbe et al. 2010; ). Lactifluus sect.
Phlebonemi, which was placed into L. subg. Lactifluus (Verbeken 2001 , is supported to be distant to L. sect. Lactifluus in this study and forms an independent major clade with American L. chiapanensis and L. clarkeae from Oceania (part of L. sect.
Tomentosi). Lactifluus leoninus, which represents the Leoninus lineage, was thought to be a member of L. sect. Chamaeleontini due to the unveiled basidiocarps and pileipellis composed of thin-walled extremities (Verbeken and Horak 1999) . However, our analyses show that the Leoninus lineage is sister to L. subg. Lactariopsis s.str., which taxonomically covered L. sect.
Lactariopsis and L. sect. Chamaeleontini (Verbeken 1998b . Using multilocus data, this study confirmed the conclusion of Buyck et al. (2007) that L. sect.
Chamaeleontini is not monophyletic. Homoplasy within L. subg. Lactariopsis seems to be prevalent.
Overall it appears that with more new members included in the phylogeny of Asia, comprising both morphologically distinct species and cryptic species, appears to be much higher than was thought. The above studies and some other studies on different groups of fungi in the same region (Feng et al. 2012 , Li et al. 2010 , Li et al. 2011 , Halling et al. 2012 , de Crop et al. 2014a ) suggest that subtropical-tropical Asia will be a key region assessing the actual species diversity in Lactifluus and therefore will contribute greatly to a better understanding of the evolution and distribution of this genus. 
